Bud dormancy in temperate woody perennials is a complex process consisting of three different stages; paradormancy, endodormancy, and ecodormancy. Endodormant buds differ from the other types of dormant buds in that they cannot resume growth under favorable conditions. Because endodormant buds require a certain amount of chilling accumulation for the transition to ecodormancy, genes showing chilling-mediated differential expression patterns are candidates for internal factors controlling endodormancy. To search for genes controlling the endodormancy of Japanese apricot (Prunus mume Sieb. et Zucc.), we performed 454-pyrosequencing to examine gene expression patterns of the dormant leaf and flower buds of Japanese apricot at three different stages of dormancy. We also used buds from branches that had been collected at the endodormant stage and treated with cold or non-cold temperatures. From 485,376 reads generated, we obtained 28,382 contigs and 85,247 singletons, of which 47,401 (41.7%) were annotated by BLAST searches against the non-redundant NCBI protein/ nucleotide database. Among them, only 2,530 sequences showed high sequence similarity to Prunus genes in the database, while the remaining 44,871 sequences showed similarity to known genes of other genera and were novel in Prunus. Functional classification by the gene ontology (GO) term indicated that the genes obtained in this study function in a relatively wide range of biological processes. We searched for up-regulated genes in endodormant leaf and flower buds and found that 74 and 82 genes, respectively, were up-regulated at the endodormant stage as compared with the paradormant stage. About one-third of them, 21 and 25 genes in the leaf and flower buds, respectively, were down-regulated at the ecodormant stage as compared with the endodormant stage. P. mume DORMANCY-ASSOCIATED MADS (PmDAM) genes were among those that were up-regulated preferentially in endodormant buds. From the EST data obtained, we constructed a "Japanese apricot dormant bud EST database" (JADB) for future studies on dormancy in Prunus.
Introduction
Bud dormancy is an adaptive mechanism in temperate woody deciduous perennials to avoid injury from cold temperatures in winter. It is a complex process consisting of three different stages; paradormancy, endodormancy, and ecodormancy (Lang, 1987) . After shoot growth cessation and bud set, apical buds enter a dormant state known as endodormancy. At the same time, lateral buds shift to the endodormant state from the paradormant state in which apical dominance imposes major growth inhibitory effects (Lang, 1987) . In contrast to paradormancy, endodormancy is thought to be regulated by internal growth inhibitors specifically localized in endodormant buds. Endodormant buds are incapable of initiating growth under favorable conditions without prior chilling. The endodormant buds shift to the ecodormant state after a specific amount of chilling exposure, referred to as the chilling requirement. Ecodormancy is imposed by external environmental factors such as cold or drought stress, which induce critical signals and prevent bud growth.
Uniform flowering is indispensable for stable fruit 240 production; however, recently it has been difficult to achieve uniform flowering in forcing conditions or in orchard cultivation in southern areas of Japan. Nonuniform flowering is thought to be caused by irregular bud endodormancy release, which probably results from global warming (Sugiura et al., 2007) . Moreover, the optimal production regions for some fruit trees such as apple (Malus × domestica) are predicted to move to more northern areas of Japan in the near future (Sugiura and Yokozawa, 2004) ; therefore, it is necessary to investigate the genetic factors that control endodormancy. Elucidation of the molecular basis of the regulation of endodormancy in temperate fruit tree species could enable artificial control of endodormancy through cultural practices and will be useful for rapid breeding techniques such as marker-assisted selection. The expressions of numerous genes are precisely controlled in response to environmental conditions during dormancy. Some genes are up-regulated and some are down-regulated during the transition from one stage of dormancy to another. DORMANCY ASSOCIATED MADS (DAM) genes are among those that are upregulated during the induction of endodormancy and down-regulated during endodormancy release (Yamane et al., 2008) . There are six DAMs (DAM1-DAM6) in the genomes of Japanese apricot (Prunus mume Sieb. et Zucc.) (Sasaki et al., 2011) and peach [Prunus persica (L.) Batsch] (Bielenberg et al., 2008) . These genes are arranged in tandem arrays in both the peach and Japanese apricot genomes. DAMs are similar to the StMADS11 clade MADS-box genes such as SHORT VEGETATIVE PHASE and AGAMOUS-LIKE24 of Arabidopsis. Expression, transgenic, and genetic analyses all indicated that DAMs are the most likely candidates to play a central role in controlling bud dormancy in Prunus (Fan et al., 2010; Sasaki et al., 2011; Yamane et al., 2011a) . There is some information available for certain genes with roles in the dormancy of Populus, such as FLOWERING LOCUS T homologs (Böhlenius et al., 2006) and TERMINAL FLOWER1 homologs (Mohamed et al., 2010) ; however, the whole picture of the molecular basis of dormancy regulation in temperate woody perennials is still far from clear.
Recently, much progress has been made towards understanding the molecular mechanisms regulating endodormancy and dormancy release in various plant species. To characterize the molecular network during dormancy, large-scale measurements of gene expression using microarrays have been very useful in various plant species including sessile oak [Quercus petraea (Matt.) Liebl.] (Derory et al., 2006) , poplar (Populus spp.) (Ko et al., 2011; Ruttink et al., 2007) , raspberry (Rubus idaeus L.) (Mazzitelli et al., 2007) , grapevine (Vitis riparia Michx.) (Mathiason et al., 2009) , blackcurrant (Ribes nigrum L.) (Hedley et al., 2010) , and leafy spurge (Euphobia esula L.) (Doğramaci et al., 2010) . A substantial amount of the target transcriptome is required for microarray-based gene expression analysis and, at present, the expressed sequence tag (EST) information is insufficient for analyses of gene expression in dormant buds of Prunus species.
Over the last few years, DNA sequencing technologies have made remarkable progress. These technologies, referred to as next generation sequencing (NGS) technologies, rapidly generate a huge number of sequences at a much lower cost than that of conventional Sanger sequencing. One of the platforms currently available is 454-pyrosequencing, which can generate one million reads (the longest with an average length of 400 bases) at 99.5% accuracy per run on its newest platform, the GS-FLX Titanium from 454 Life Science/Roche. Therefore, 454-pyrosequencing is the most widely used NGS technology for de novo sequencing and transcriptome analysis in non-model organisms for which EST databases have not been established nor the whole genome sequenced. To date, 454-pyrosequencing has been utilized for the de novo genome sequencing and/or transcriptome analyses of non-model recalcitrant species, such as grapevine (Vitis vinifera L.) (Bellin et al., 2009) , olive (Olea europaea L.) (Alagna et al., 2009) , chestnut (Castanea spp.) (Barakat et al., 2009) , orchids (Phalaenopsis spp.) (Hsiao et al., 2011) , and petunia (Petunia spp.) (Zenoni et al., 2011) . In addition to these recalcitrant plant species, 454-pyrosequencing has been effectively utilized for gene expression analyses of herbaceous species such as tomato (Solanum lycopersicum L.) (Matas et al., 2011) and cucumber (Cucumis sativus L.) (Guo et al., 2010) . Sequences assembled from the 454-pyrosequencing reads could be also utilized as the probe sequences of microarrays (Bellin et al., 2009; Zenoni et al., 2011) and as reference sequences for shortread sequencing (Fraser et al., 2011) . As 454pyrosequencing has proven very useful for genome and transcriptome analyses, we attempted in this study to utilize technologies to characterize the dormant bud transcriptome and to develop an EST database for Japanese apricot.
Materials and Methods

Plant materials and RNA extraction
Japanese apricot 'Nanko' (11 years old, seed-grafted) trees grown at the experimental farm of Kyoto University were used in this study. Leaf and flower buds were sampled from the middle portions of branches of the current season's growth (approximately 50 cm) at various stages of dormancy, as described below. Previous studies reported that 'Nanko' adult trees gradually enter the endodormant stage during July and are gradually released from endodormancy during December (Sasaki et al., 2011; Yamane et al., 2006 Yamane et al., , 2008 . Leaf buds were collected at the paradormant stage in June (paraL), at the endodormant stage in November (endoL), and at the ecodormant stage in February and March (ecoL). Flower buds were collected at the paradormant stage in June and July (paraF), at the endodormant stage in August and September [endoF(8,9) ], and at the endodormant stage in November [endoF(11) ]. Buds were also collected from cold-temperature-treated branches to compare transcription between cold-treated and non-cold-treated dormant buds from the same sample. Branches of the current season's growth (approximately 50 cm long) were collected in mid-November. Their basal parts were immediately immersed in water and the water was replaced every 3 days. Branches were maintained at 12°C day/6°C night temperatures (cold temperature treatment) and 24°C day/22°C night temperatures (noncold temperature treatment) under a 9 h light and 15 h dark photoperiod for 60 days. After the temperature treatments, leaf and flower buds were collected from cold-temperature-treated branches [ecoL(C) and ecoF(C), representing samples from leaf and flower buds, respectively] and non-cold-temperature-treated branches [endoL(NC) and endoF(NC), representing samples from leaf and flower buds, respectively]. After the temperature treatments, cold-temperature-treated buds were considered as ecodormant buds because bud burst occurred upon transfer to forcing conditions, while non-coldtemperature-treated buds were endodormant buds because bud burst did not occur upon transfer to forcing conditions (data not shown). All the collected buds were immediately frozen in liquid N 2 and stored at −80°C until use. Total RNA was extracted using the CTAB method as described previously (Yamane et al., 2008) .
454-Pyrosequencing, sequence preprocessing, and assembly
The 454-pyrosequencing technique for 3'EST using GS FLX (454, Roche, Maryland, USA) was performed with cDNA synthesized from mRNA prepared from the bud samples. Sample preparation and sequencing were conducted as per the custom service provided by TaKaRa BIO Inc. Dragon Genomics Center (Mie, Japan). In brief, poly(A) + RNA was prepared using an Oligotex-dT30 < Super > mRNA Purification kit (TaKaRa, Ohtsu, Japan) and the quality of poly(A) + RNA was checked using a Bioanalyzer (Agilent Technologies, Inc., Santa Clara, USA). Double-stranded cDNA was synthesized using the Oligo(dT)-T7 as a primer and amplified RNA (aRNA) was amplified from the double-stranded cDNA using T7 RNA polymerase. Then, first-strand cDNA was synthesized from aRNA by reverse-transcription using the random priming method and second-strand cDNA was synthesized with GS FLX B adaptor plus biotinylated oligo(dT) primer. This resultant doublestranded cDNA was sonicated and purified using streptavidin-conjugated magnetic beads. Finally, a GS FLX A adaptor with a specific molecular identifier (MID) tag sequence was ligated at the 5'-end and 300-bp to 800-bp single-stranded template (sst) DNAs were used for 3'EST sequencing.
After sequencing, the obtained reads were classified into sample types based on MID tags and then the tag sequences were trimmed. The reads were processed by Seq Clean software (http://compbio.dfci.harvard.edu/tgi/ software/) to trim low complexity [poly(A)] sequences. Then, the reads were further processed by RepeatMasker [Smit, AFA, Hubley, R and Green, P. RepeatMasker Open-3.0. 1996-2010. (http://www.repeatmasker.org)] with RepBase (Jurka et al., 2005) to mask the repeat sequences to avoid mis-assembly. Finally, masked reads were processed by a perl script as follows: i) low quality regions were masked, ii) masked regions at both ends were trimmed, iii) reads that were shorter than 10 bases were removed, iv) reads that contained more than 30% of the masked regions were removed. For the optimum assembly of the processed reads, we preliminarily ran de novo assemblies by CAP3 (Huang and Madan, 1999) and MIRA (Chevreux et al., 2004) with various settings and then compared output results. As more reads were assembled into contigs and fewer singletons were obtained by MIRA even though the overlap percent identities were the same at sufficiently high levels (>90%) in both programs, we chose MIRA v3.0.2 for the assembly in this study and ran it with stringent settings, "de novo, accurate, EST, 454" parameters, specifying a minimum read length of 40 bases, a minimum sequence overlap of 40 bases, and a minimum percentage overlap identity of 95%.
Digital Expression Analysis based on EST assembly
Digital expression analysis was conducted using a number of ESTs for each contig (gene). We obtained expression profiles for 28,382 contigs × 10 libraries with the ace file from MIRA. Statistical analysis was conducted with the R package DESeq (Anders and Huber, 2010) using a model based on negative binominal distribution to test the significance of differences in the number of reads.
Functional annotation
To annotate assembled contigs and singletons, we first predicted open reading frames (ORFs) of these sequences by ESTScan (Iseli et al., 1999) . Then, the protein sequences translated from the predicted ORFs were searched against the non-redundant protein database (nr) from the National Center for Biotechnology Information (NCBI) and the Arabidopsis protein database (TAIR10) from The Arabidopsis Information Resources (TAIR) by the BLASTP program (Altschul et al., 1999) using an E-value cutoff of 1e-5. The remaining unique sequences without predicted ORF were searched against the NCBI non-redundant nucleotide database (nt) and the cDNA database of TAIR10 by the BLASTN program v2.2.24+ using an E-value cutoff of 1e-10. After BLAST searches, the annotations with query coverage of less than 33% were removed to avoid false annotations. The results of the best hits were extracted and those from the TAIR database were used for functional gene ontology (GO) annotations (http://www.geneontology.org) (The Gene Ontology Consortium, 2000) by the TAIR Gene Ontology tool (http://www.arabidopsis.org/tools/bulk/ go/index.jsp). Assigned GO terms were summarized based on "the Plant GO Slim" provided from the TAIR web site. The summarized GO distribution was compared with the Arabidopsis whole gene annotations using Fisher's exact test for statistical significance. In addition, sets of unique sequences consisting of reads derived from either a leaf bud or flower bud were compared.
Results and Discussion
Pyrosequencing and assembly A total of 485,376 raw reads with an average read length of 270 bases from 10 libraries were generated by 454-pyrosequencing (Table 1 ). All the obtained sequences from 454 pyrosequencing reads are available from the DDBJ Sequence Read Archive (http:// trace.ddbj.nig.ac.jp/dra/index.shtml) under the following accession numbers (study: DRP000532, samples: DRS001305-DRS001314, experiments: DRX001359-DRX001369, and runs: DRR001898-DRR001908). Raw reads were processed by a Linux server. Regions with poly(A), low quality bases, and repeat sequences were trimmed. After the preprocessing steps, we obtained 455,440 reads with an average length of 247 bases (Table 1) . Assembly with MIRA v3.0.2 yielded 28,382 contigs and 343 singletons from 370,536 reads. The remaining 84,904 reads were classified as debris by MIRA. Debris, the internal term of MIRA, includes not only singletons but also very short reads and megahub reads that connect to an unrealistic number of other reads. Because it is impossible to determine whether each read in the debris list is a singleton or a megahub read, all debris reads are referred to as singletons in this study. In total, 113,629 unique sequences (28,382 contigs and 85,247 singletons) with an average length of 275 bases were obtained from 455,440 reads. The average length of contigs and singletons was 443 bases and 219 bases, respectively. The length of contigs ranged from 40 to 2,169 bases (Table 2) .
Functional classification of predicted proteins
The unique sequences were searched against the public sequence databases by the BLAST program. To reliably predict the biological functions of genes, ORF and translated amino acid sequences were also estimated by ESTScan. Predicted ORFs consist of 19,024 contigs (67.0% of the contigs) and 39,819 singletons (46.7% of the singletons). Then, the protein sequences translated from the predicted ORFs were searched against the NCBI non-redundant protein database and the Arabidopsis protein database (TAIR10) by BLASTP (1e-5). The remaining unique sequences from which no ORF could be predicted were searched against the NCBI nonredundant nucleotide database and the cDNA database of TAIR10 by BLASTN (1e-10). After BLAST searches, the annotations with query coverage of less than 33% were removed. As a result, 42,513 (15,930 contigs and 26,583 singletons) and 36,891 (14,074 contigs and 22,817 singletons) unique sequences with predicted ORFs showed at least one hit from the NCBI nr and the TAIR10 protein database, respectively, by BLASTP. In addition, another 4,888 (842 contigs and 4,046 singletons) and 2,632 (610 contigs and 2,022 singletons) unique sequences showed at least one hit from the NCBI nt and the TAIR10 cDNA database, respectively, by BLASTN. Taken together, 47,401 (41.7% of the unique sequences) and 39,523 (34.8% of the unique sequences) unique sequences showed at least one match against the NCBI non-redundant databases and the TAIR10, respectively. The BLAST top-hit species distribution of these annotated unique sequences from the NCBI nonredundant databases is shown in Figure 1 . Among them, only 2,530 unique sequences showed the closest hits to genes of Prunus species (P. armeniaca: 1,095, P. persica: 698, P. dulcis: 238, P. avium: 146, P. mume: 136, and other Prunus species: 217). Most of the unique sequences showed the closest hits to sequences from other species such as Vitis vinifera (10,019) and Populus trichocarpa (7,039). The results indicated that 44,871 unique sequences that likely encode proteins similar to known proteins of other genera are novel sequences in Prunus.
In addition, other non-annotated unique sequences were supposed to be novel. These newly identified sequences can be used to construct high-density microarrays and as reference sequences for short-read sequencing technologies, such as Illumina HiSeq2000 or Genome Analyzer IIx. For the assignment of gene ontology (GO) annotation, the best hits of the annotations from the TAIR10 were used. A total of 4,248 GO terms were assigned to 39,142 unique sequences, representing 34.4% of all unique sequences and 99.0% of BLAST-annotated sequences. In the three major categories, 36,788 unique sequences (93.1% of annotated sequences) were assigned to the molecular function category; 37,488 unique sequences (94.9% of annotated sequences) to the biological process category; and 32,925 unique sequences (83.3% of annotated sequences) to the category of cellular components. GO Slim assignments of the unique sequences and the Arabidopsis whole genes within the three categories are summarized in Figure 2 . This GO distribution indicates that genes with a wide range of functions are expressed in leaf and flower buds during dormancy; however, the GO distribution of the Arabidopsis whole genes and the unigenes in P. mume dormant buds were significantly different in most of the GO subcategories. This indicates that tissue-and dormancy stage-specific genes are expressed in dormant buds. On the other hand, the GO distribution of leafand flower-specific unigenes showed no significant differences in most of the GO subcategories, suggesting that the functions of the expressed genes are very similar in both buds (Fig. 3) .
Digital Expression Analysis based on EST assembly
In a given sample, the number of ESTs assembled into a certain contig tends to reflect the number of mRNA molecules transcribed from the gene from which the contig is derived; therefore, we used the number of ESTs in each contig to identify genes that showed differential expression levels between buds with different dormancy status. For statistical analyses, we used the R package DESeq, which uses a model based on negative binominal distribution. The differentially expressed genes (DEGs) were selected based on the strength of multiplicity adjusted P-values (cut-off P-value < 0.05) and the ratio of the numbers of ESTs (cut-off fold-change >2.0). In our statistical analyses, we compared the number of ESTs among the three different dormancy stages, each of which consisted of several independent bud samples. For example, we categorized two bud samples as endodormant buds (buds collected in November and buds kept in non-cold conditions for 60 days). Thus, we conducted statistical analyses with substantial biological replicates. As a result, relatively small numbers of DEGs were selected in our experimental conditions. As our study focused on the molecular basis of the control of endodormancy, we searched for up-regulated genes in endodormant leaf and flower buds and found that 74 and 82 genes, respectively, were up-regulated at the endodormant stage as compared with the paradormant stage ( Fig. 4) . About one-third of them, 21 and 25 genes in the leaf and flower buds, respectively, were downregulated at the ecodormant stage as compared with the endodormant stage ( Fig. 4, Tables 3 and 4 ). As the transition from the endodormant stage to ecodormant stage requires chilling, it was assumed that the expressions of these genes were suppressed by chilling. Three of these unigenes were significantly up-regulated in both leaf and flower buds ( Table 5 ). One of the three unigenes was DAM6, which is thought to be a key regulator of endodormancy in Japanese apricot (Sasaki et al., 2011) . Other DAMs, DAM4 and DAM5, were also up-regulated during endodormancy, although statistically significant differences were observed in leaf buds but not in flower buds. This is unlikely to reflect organspecific expression patterns, but probably reflects the lower sensitivity of EST analyses compared with realtime PCR, because it has been reported that DAM5 is up-regulated in flower buds during endodormancy in peach (Jimenéz et al., 2010; Yamane et al., 2011b, c) and Japanese apricot (Ooka et al., 2010) . Most of the unigenes that were up-regulated at the endodormant stage, including two commonly up-regulated unique sequences in leaf and flower buds, showed no homology to genes or proteins in the public databases; therefore, we cannot predict their functions, although it is likely that they are involved in endodormancy regulation.
Database Construction
All the data described in this paper are available in the Japanese apricot EST dormant bud database (JADB) (http://bioinf.mind.meiji.ac.jp/JADB) (Fig. 5 ). The JADB was constructed with MySQL5.0 and PHP5.0 on the Linux server (CentOS 5.03). Information about unigenes (contigs), such as sequences, functional annotations, and expression patterns, is freely accessible through interactive and user-friendly web interfaces. Functional annotations include GO terms and the results of BLAST searches against public databases: Arabidopsis (TAIR10), (DFCI), Uniprot, and metabolic pathways (KEGG and AraCyc). Since the web page for detailed information on unigenes contains hyperlinks to the public databases (e.g. NCBI, TAIR, DFCI, and KEGG), the original web page in public databases is also accessible from JADB. Unigene identifiers, annotation keywords, GO terms, metabolic pathway names, or expression patterns can be used to retrieve detailed information about unigenes. In addition, users can use BLAST searches to retrieve unigenes with similar sequences to their own sequences from the JADB. The JADB offers an easily searchable database of BLAST results, GO annotations, and expression patterns of known genes such as DAMs, which are biologically plausible.
Conclusion and future uses
This is the first report of large-scale transcriptome analysis by 454-pyrosequencing in P. mume. This largescale transcriptome analysis of dormant tissues revealed several candidate genes related to the control of endodormancy, but their functions have not been elucidated; however, the unique sequences obtained in this study, which include many novel sequences, can be used to construct microarrays and as reference sequences for short-read sequencing, and will likely help to elucidate the molecular mechanisms controlling endodormancy. Our JADB will serve as a source of sequences for other researchers studying bud dormancy of Prunus and related species. Thus, the database will provide a resource for understanding bud dormancy, leading to the ultimate goal of maintaining uniform flowering and stable fruit production despite the adverse environmental effects caused by global warming.
